Exposure to cosmic radiation in operation of a jet aircraft is considered to be a part of the occupational exposure. Cosmic radiation doses received in aviation are generally evaluated by numerical model simulations. The precision of the model calculation should be verified by measurements. From the viewpoint of radiological protection, neutrons are the most contributing radiation component and have to be precisely measured. Neutron measurements were thus performed in a long-haul flight using a relatively new transportable neutron monitor (WENDI-II) which responds fairly well to the cosmic-ray neutrons. The in-flight measurement was carried out on 5-6 November 2009 on a polar route flight from New York/John F. Kennedy airport to Seoul/Incheon airport. The flying time was ∼14 h. The observations obtained as 1 cm ambient dose equivalent were compared with model calculations using a computer program developed by the authors for the calculation of aviation route doses 'JISCARD EX'. Good agreements between the measured and calculated values were observed over the polar route where the geomagnetic cut-off rigidity is the lowest.
INTRODUCTION
The International Commission on Radiological Protection has recommended that exposures to cosmic radiation in the operation of a commercial jet aircraft be considered as an occupational exposure (1, 2) . In 1996, the European Union issued a directive to state that exposure of aircraft crew to cosmic radiation is an occupational exposure (3) , and has required some protection measures such as assessments of radiation doses for the crew who are liable to receive .1 mSv y -1 . In Japan, the Radiation Council of the Japanese government established a guideline in 2006 for Japanese airlines that cosmic radiation exposure of aircraft crew should be managed by making voluntary efforts to keep employee doses ,5 mSv y -1 (4) . In general, cosmic radiation doses to aircraft crew are evaluated by numerical model simulations using Monte Carlo and analytical codes. Several easy-touse programs for calculation of aviation route doses (5 -8) are now available to the public on the Internet. The precision of these calculation programs; however, should be verified by in-flight measurements using fully characterised instruments to secure the precision of estimated dose values. Great efforts have been devoted to the verification tasks in Europe, particularly by European Dosimetry Group (EURADOS) (9) . Among the various particle species of cosmic radiation, neutrons produce the most contribution to exposure at aviation altitude; past numerical simulations indicate that nearly half of the effective dose comes from neutrons onboard an aircraft. However, high-energy neutrons with the energies .20 MeV which make up a considerable part of the effective dose (10) are difficult to measure in a civilian aircraft, because a carry-on portable detector has a smallmass sensor probe which results in limited recoil reactions produced by neutrons. For example, regarding the tissue equivalent proportional counter (TEPC), the lineal energy distributions measured with TEPC are available for monoenergetic neutrons up to 20 MeV and thus total dose equivalents of energetic neutrons above 20 MeV need to be estimated by extrapolation (11) . This process is accompanied by some uncertainties.
Cosmic-ray neutron measurements were therefore performed using a relatively new radiation monitor which has good transportability and improved response characteristics of the neutrons with a broad range of energy. In-flight measurement was done along a polar route where the geomagnetic latitude is the lowest, in other words, the route where the cosmic radiation exposure could be the highest; this fact is attracting the attention of many people relating to aviation safety.
EXPERIMENTAL PROCEDURE
A transportable, commercially available neutron monitor was employed to measure 1 cm ambient dose equivalent, H*(10), of cosmic-ray neutrons in aviation. The monitor is an extended-energy-range rem meter consisting of a 3 He proportional counter with a thick cylindrical moderator of polyethylene containing tungsten powder shell (WENDI-II, Ludlum Measurements Inc., USA). WENDI-II responds fairly well to the neutrons from thermal to several Gigaelectronvolt, whereas most of the existing rem meters hardly respond to high-energy neutrons with the energies .15 MeV. The same monitor was successfully used by the authors in short flights near Japan (12) . The dimensions of the monitor are f23ÂH32 cm and the weight is 14 kg. WENDI-II gives a H*(10) value by multiplication of a constant conversion coefficient to the pulse counts generated from 3 He(n, p) 3 H reactions with moderated thermal neutrons. The threshold for neutron/gamma discrimination was set as the default value; the sensitivity to photons was negligibly low. Other dosimetric properties of WENDI-II have been introduced by Olsher et al. (13, 14) . The detector was connected to an exclusive commercial data logger (Model 2350-1, Ludlum Measurements Inc.) operated with dry batteries. The rem meter and the data logger were stored together in a carry-on sized bag.
Cosmic-ray neutron measurements in a civilian aircraft were carried out on 5-6 November 2009, during the solar minimum. The flight departed from New York/John F. Kennedy airport (IATA airport code: JFK, location: N 418 W 748), USA, to Seoul/ Incheon airport (ICN, N 378 E 1268), South Korea. The carry-on bag containing the rem meter and the data logger was placed in an overhead compartment in the passenger cabin around the middle part of the aircraft.
After landing, the pulse counts recorded on the data loggers at 2 min intervals were read out to a personal computer and were converted to H*(10) values with constant conversion coefficients that were obtained in advance through calibrations using a traceable standard neutron source of 241 Am -Be at the Institute of Radiation Measurements, Ibaraki, Japan. The obtained H*(10) values were compared with the cumulative neutron doses predicted with the route dose calculation program 'JISCARD EX', which was developed by the authors and is available from the website of National Institute of Radiological Sciences (8) . JISCARD EX incorporates an analytical model for the calculation of atmospheric radiation spectra (15) based on comprehensive analyses of the calculation results obtained with the Monte Carlo simulation code PHITS (16) . The Earth geomagnetic cut-off rigidity was calculated with the most recent version (available up to 2010) of MA GNETOCOSMICS code (17) . Solar modulation effects defined as force field potential (FFP) (15) was empirically determined from observations by neutron monitors placed at several high-latitude positions in the Northern hemisphere. The FFP value during this experiment was evaluated as 300 MV.
RESULTS AND DISCUSSION
The flight route is illustrated in Figure 1 and the time-lapse change of atmospheric altitude during the flight is shown in Figure 2 . The flight time was 13 h and 45 min. Since these data were recorded manually by the author from the information displayed on a built-in monitor, some data around ascending and descending time have been missed.
In Figure 3 , time plots of the H*(10) rate measured with WENDI-II are shown in comparison with the simulation results obtained with JISCARD EX. According to the flight route ( Figure 1 ) and altitude profile (Figure 2) , it is seen that higher dose rate was observed at higher latitude and higher altitude. Fairly good agreements between the model predictions and the WENDI-II measurements were found. Although the observed data tend to be systematically lower than the predicted values, this is attributable to the possible shielding effects of aircraft bodies, equipments, loaded materials and fuels. Also, some passengers in the cabin may have affected the neutron dose (18) . Anyway, the error observed between the measurements and the model calculations was acceptably small in view of radiological protection.
CONCLUSION
According to the results of the present study, it is considered that the newly developed computer program (JISCARD EX) for the calculation of aviation route doses has satisfactory precision in regard to atmospheric cosmic-ray neutrons having a broad range of energy from thermal to several Gigaelectronvolt. It is hoped that further systematic experiments will be performed at different solar cycle periods. Also, the energy spectra of highenergy neutrons and other cosmic-ray particles such as protons, muons and pions will be desirably verified by more elaborate in-flight measurements using a well characterised spectrometer. 
